Background: Hazardous drugs (HD) traces are measured in most hospitals that perform environmental surveillance. Uncertainties exist regarding the cleaning agents and procedures needed to completely remove HD contamination The objective was to evaluate the efficacy of four cleaning solutions and two types of mops in reducing contamination on a floor contaminated with a predetermined amount of cyclophosphamide (CP). Methods: This pilot study was divided into three steps: 1) the voluntary contamination of a pre-delimited area on the floor (3600cm 2 ) with a pre-established quantity of
Introduction
In healthcare facilities, the use of hazardous drugs (HD) leave traces on the surfaces. The National Institute for Occupational Safety and Health (NIOSH) estimated that around 8 million U.S. healthcare workers were potentially exposed to hazardous drugs [1] . All work surfaces in hospital pharmacy and patient care units can potentially be contaminated [2] .
The new United States Pharmacopeia Chapter 800 on Handling Hazardous Drugs in Healthcare Settings recommends that "all areas where HDs are handled and all reusable equipment and devices must be deactivated, decontaminated, and cleaned." [3] . While these cleaning steps are well defined, the choice of agents and their respective concentrations is left to the discretion of the hygiene and sanitation department in accordance with the infection prevention and control team. Deactivation agents include peroxide formulations and sodium hypochlorite. Decontamination agents include water, peroxide and sodium hypochlorite. Cleaning agents include germicidal detergent [3] .
In Quebec, Canada, a joint, sector-based association dedicated to promoting occupational health and safety prevention indicates that healthcare organizations should establish a HD preventive management program [4] . This program should specify the nature and frequency of the cleaning as well as the products used. Although sodium hypochlorite appears to be an effective agent for both chemical and microbiological decontamination, the optimal decontamination strategy is unknown. Key elements proposed to eliminate traces of HDs include: a thorough and regular cleaning of all potentially contaminated surfaces, the use of effective cleaning products, dedicated disposal and cleaning equipment, proper training of hygiene staff and regular documentation of cleaning activities.
In a Canadian surveillance program that is conducted since 2008, participants sometimes indicated their concern with HD traces that were still measured on some surfaces despite regular thorough cleaning conducted by sanitation workers [2] .
The objective of the study was to evaluate the efficacy of four cleaning solutions and two types of mops usually employed in our healthcare facility in reducing voluntary floor contamination with a predetermined amount of cyclophosphamide (CP).
Materials and methods

Description of the study
The pilot study was performed on a single day in a pharmacy room dedicated for the study by two pharmacy residents under the supervision of a senior pharmacist researcher.
The room used for the simulation was not in a patient care area considering the thorough cleaning required, the pre-marking of sampling zones, the testing and the posttest cleaning sessions. The coating of the floor was made of regular tiles.
A total of 27 areas to be contaminated or sampled were delineated and identified with green painting tape (Painpro ® , Cantech, Johnson City, TN, USA). A sampling area was composed of four tiles (3600 cm 2 ) ( Figure 1 ). The room was cleared out and the floor was cleaned with an Action 3 ® detergent solution (InnuScience, SainteJulie, QC, Canada) and disinfected with a DR-100 ® quaternary ammonium solution (InnuScience, Sainte-Julie, QC, Canada) the day before the beginning of the study. Pharmacy staff members were advised to stay outside the room during the study period. A pre-contamination wipe sample was performed in triplicate on the floor. The study was divided into three distinct steps ( Figure 2 ). Each step was conducted in triplicate.
Step 1
Step 1 consisted of a deliberate CP contamination (Procytox ® 2 g, Baxter Corporation, Pointe-Claire, QC, Canada). The contamination was done by spilling the Cleaning of the floor pre-study
Step 2: Cleaning of the floor
Cleaning of the floor post-study
Step 3: Quantification of cyclophosphamide
Step 1: Deliberate contamination with cyclophosphamide Dickinson and Company, Franklin Lakes, NJ, USA), each containing 0.5 mL (10 µg of a 20 µg/mL solution) of CP on two predetermined spots for a total of 20 μg (20,000,000 pg) per delineated area. Each CP syringe was prepared and labeled by a pharmacy technician on the same day in a biological safety cabinet according to our usual procedures, including decontamination of the syringe post-compounding. Syringes were stored in a Ziploc ® bag (SC Johnson, USA). A 10-minute contact period per contaminated zone was allowed before step 2 was initiated.
Step 2
Step 2 consisted of cleaning one contaminated delineated area of the floor. A total of eight cleaning scenarios were tested: two types of cleaning mops were used to apply four different cleaning products each. These were selected as the four most common types of cleaning agents used in healthcare facilities in Quebec, Canada. Pharmacy residents were trained by a hygiene specialist to mimic the usual cleaning practice using the usual equipment. For each cleaning session, a disposable or non-disposable mop was soaked in the cleaning solution for at least 3 minutes and then wrung and twisted to remove any excess amount of cleaning solution. The current procedure with microfiber mops allows the retention of a maximum of 120 mL of cleaning solution in the mop once twisted. Each contaminated area was washed once vertically and once horizontally according to the hospital's standard cleaning techniques. A 20-minutes drying period was then allowed before step 3 was initiated.
Step 3
Step 3 consisted of wipe sampling the cleaned predetermined area to measure the remaining quantity of CP.
For each area, a surface of about 3600 cm 2 was sampled with one 6 cm × 8 cm Wypall™ X60 wipe (Kimberly Clark Professional, Newton Square, PA, USA).
The wipe was moistened with 1 mL of sampling solution (10 % methanol and 90 % 5 mmol/L ammonium acetate). Each side of each wipe was used twice to sample a surface: once horizontally and once vertically. The sampling technique, was developed by the Institut National de Santé Publique du Québec and was used previsouly [2] . Sampling wipes were stored between 2-8°C in 50-mL polypropylene tubes. Prior to analysis, 10 mL of extracting solution and internal standards were added to each tube. Tubes were mechanically stirred for 10 min, and an aliquot of the solution was used for analysis. For each sample, CP was quantified by ultra-performance liquid chromatography-tandem mass spectrometry UPLC-MS-MS (Acquity UPLC chromatographic system coupled with Xevo TQ-S tandem mass spectrometer; Waters, Milford, MA, USA). Chromatography was carried out on a C18 Acquity UPLC BEH column (2.1 × 50 mm, 1.7 μm; Waters, Milford, MA, USA) using an increasing gradient from 10/ 90 methanol/5 mM ammonium acetate to 60/40 methanol/5 mM ammonium acetate in 2 min.
Results were expressed in ng/mL and converted to ng/ cm 2 . Final results were expressed in pg/cm 2 . The limit of detection for non-diluted samples was 0.36 pg/cm 2 (19.8 pg/mL) and the limit of quantification was 1.21 pg/cm 2 (65.9 pg/mL). The limit of detection was used as the reporting limit. In order to raise the dynamic range of the quantitative method, which is designed to quantitate trace amounts, a 21-fold sample dilution was performed on samples exceeding the limit of linearity.
During all procedures, research staff wore adequate protective equipment (two pairs of nitrile gloves, an N95 mask, a gown, shoe covers and a head cap) in accordance with current recommendations [4] . To ensure a regular procedure and to avoid cross-contamination, one pharmacy resident performed CP contamination and another one performed cleaning and sampling. Gloves were systematically discarded between each cleaning session and between each sampling.
Following study completion, eight successive cleaning sessions were performed between October 14 th and 
Data analysis
A sample was considered positive if the value was above the limit of detection and if the quantifier peak was within the maximum tolerance of mean calibrator for confirmatory criteria (signal/noise ratio > 3, retention time ± 0.02 min, quantifier/qualifier ion ratio ± 20 %). Data were entered and analyzed in a spreadsheet (MS Excel ® , Microsoft, Seattle, WA, USA). Data were presented by sample number, sample type, cleaning solution, cleaning mop/pad used, quantity of CP spilled, theoretical CP concentration on the floor, measured CP concentration on the floor, residual CP proportion on the floor after cleaning, and efficacy rate.
Statistical analysis
Descriptive statistics were performed using MS Excel ® (Microsoft, Seattle, WA, USA).
Results
A total of 36 wipe samples were performed on October 14 th , 2016. Table 1 shows the profile of CP concentrations on the floor pre-, per and post-study per scenario. As expected, all three pre-contamination samples were negative.
The CP recovery efficiency was on average of 26% ± 1.053 %.
With a constant value of 20 µg spilled per predetermined area, an average of 15.57 ± 13.99 pg/cm 2 . The average decontamination efficacy for disposable mops was 99.58% ± 0.28 % and 99.86% ± 0.09 % for non-disposable mops.
At the end of the study, after the eight cleaning sessions, an average of 1.62 ± 1.25 pg/cm 2 of CP was still measured (post-simulation samples 1-6). The floor was then buffed using a buffing machine for the final decontamination and three polish layers were applied. In order to evaluate the effect of the low recovery measured with this floor, we did calculations with a simulated measured concentration corresponding to four times the actual concentration measured (data not shown). For example, for the lowest detectable concentration (sample post cleaning 13), the decontamination efficacy would be reduced from 99.92 % to 99.68 %. For the highest detectable concentration (sample post cleaning 4), the decontamination efficacy would be reduced from 99.68 % to 95.83 %.
Discussion
This study described a controlled, systematic and original simulation designed to evaluate the efficacy of four cleaning solutions and two types of mops used to eliminate predetermined floor contamination with CP. At least 99 % of the 20 µg of CP spilled was removed in the eight different realistic cleaning scenarios.
Non-disposable mops were not more effective than disposable mops. In practice, disposable mops are preferred to non-disposable mops because they present a higher cleaning efficacy and they are discarded once they are used to avoid cross-contamination during washing [5] .
Our study confirms the efficacy of sodium hypochlorite, hydrogen peroxide, quaternary ammonium and a detergent to clean floors exposed to significant amounts of CP. However the mechanism of action of these cleaning products on CP is still unknown. Based on the current literature, sodium hypochlorite may be preferable, as it can deactivate, decontaminate and disinfect floors. While sodium hypochlorite can cause discomfort to users in a room that is poorly ventilated, it should not be an issue in pharmacy cleanrooms where there are between 20 and 60 room air changes per hour. Numerous studies have been carried out with the aim of identifying an effective cleaning product able to decontaminate a surface contaminated with HDs [6] [7] [8] [9] [10] [11] [12] [13] . Sodium hypochlorite alone or combined with sodium thiosulfate, hydrogen peroxide, potassium permanganate, isopropyl alcohol and Fenton reagent were among the most tested products. However, data are difficult to compare considering the various analytical methods and cleaning strategies used (e. g., different cleaning techniques, products, contact times). No cleaning agent appears to be 100 % effective, but sodium hypochlorite seems to be the most effective product. For instance, it has been demonstrated that it can eliminate up to 98 % of the contamination on surfaces exposed to methotrexate, cytarabine, gemcitabine, etoposide phosphate, irinotecan, CP, ifosfamide, doxorubicin, epirubicin, and vincristine [7] . However, sodium hypochlorite can damage surfaces, may irritate the respiratory tract of exposed staff and is also potentially genotoxic for humans [12] . Touzin et al. showed that a combination of sodium hypochlorite and sodium thiosulfate reduced 99.8 % of a contaminated area exposed to CP and that itcould theoretically prevent damage to surfaces [8] . Detergents (cleaning solutions containing a surfactant agent) also proved to be effective [7, 10, 11, 13] .
While all tested cleaning products in our study were efficient to remove most CP from a deliberate spill, none of them were able to remove it completely after a single cleaning session. Even a sequence of eight consecutive complementary cleaning sessions with sodium hypochlorite 0.02 % and hydrogen peroxide was not sufficient to remove 100 % of the residual traces measured. This finding is worrying. The fact that concentrations of about 5-50 pg/cm 2 were measured on our surfaces after cleaning may partly explain why traces of HDs are consistently found on the surfaces of Canadian centers when environmental monitoring is conducted [2] . Further work should be done to evaluate an optimal floor cleaning procedure (e. g., repeated mechanical mopping of the surface, increased amount of decontamination/deactivating agent, concentration of cleaning agent, number of cleaning sessions, contact time). In the meanwhile, we suggest that a more aggressive cleaning session of floors potentially exposed to HDs should be performed bi-annually in healthcare settings. This cleaning should occur when there are no activities or patients to allow optimal cleaning and should probably include water and detergents, quaternary ammonium and sodium hypochlorite.
Limits
This study has limitations. We only studied CP which is a highly water-soluble drug. As reported by a prior study, the ability to remove CP does not reflect the ability to remove highly water-insoluble drugs (e. g. paclitaxel and docetaxel) or other drugs with different binding characteristics (e. g. cisplatin) [14] . Thus, to evaluate the effectiveness of a cleaning product to remove HDs, it is recommended to test a wide variety of water-soluble and water-insoluble antineoplastic drugs. Cleaning the surface with the mop may have pushed some of the CP within floor cracks. While pharmacy floor surfaces are increasingly made from non-porous surfaces, patient care areas in a lot of hospitals are still made of regular tiles. A low recovery efficiency was obtained considering floor cracks, but it still allowed to test the efficacy of cleaning techniques on this type of surface. A high recovery would be ideal, but our simulated calculations suggested that similar results would be obtained with a higher recovery. The sample size was too small to perform comparative statistical analysis between the cleaning products and types of mops.
Conclusion
Sodium hypochlorite, hydrogen peroxide, quaternary ammonium and a detergent applied with a disposable or a non-disposable mop were efficient to eliminate approximately 99 % of cyclophosphamide on floor tiles. However, no cleaning strategy was able to completely remove all traces. Further studies are required to identify an optimal strategy. Traces of HD measured in environmental surveillance studies may have resulted from a lack of cleaning but may also be related to the limitation of cleaning strategies current applied.
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